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ABSTRACT

Equations of motion have been formulated for a four-
wheel vehicle as it traverses a surface characterized by
slopes, bumps, craters, or a power spectrum. A primitive con-
trol law to guide the vehicle to a predetermined destination
is included. Also included is a propulsion algorithm for inde-
pendent series motor drives.

These equations and algorithms have been incorporated
into the digital program ROVER, which monitors among other things
power consumption, distance traveled, velocities, accelerations,
and wheel forces. A sample problem is included of the Lunar
Roving Vehicle negotiating short traverses over a random topo-
graphy propelled by series motors. Computer runs were made on
three terrains: a rough mare, a smooth mare, a perfectly smooth
terrain. Preliminary results indicate a small increase (v3%) in
energy consumption when going from a perfectly smooth terrain to
the smooth mare but a significant increase in energy consumption
(+30%) when going from the smooth mare to the rough mare.
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INTRODUCTION

This report is an extension to reference 1, which
presented the equations of motion of a four-wheel vehicle with
independent suspension, as it traverses a defined surface char-
acterized by slopes, bumps, and craters. The impetus for that
study was to ascertain the dynamic stability of the Lunar Rov-
ing Vehicle (LRV) on the moon's surface. The governing equations
of motion have been modified slightly from that of reference 1
and are included in Appendix A of this report.

In this report we shall be primarily concerned with
a series motor propulsion representation, a terrain description,
which includes a power spectrum, and a primitive control law.
All of these items required modifications to the digital pro-
gram ROVER of reference 1. An updated input description to
ROVER is presented in Appendix B. Appendix C contains a print-

out of a sample problem, which will subsequently be described.

SERIES MOTOR PROPULSION SYSTEM

The series motor model is based on a quasi-static
approach suggested by I. Y. Bar-Itzhack of Bellcomm, Inc. The
formulation can be stated as follows:

VOLT = (i) (RFIX + REV) + CONMEG(w) (i)?2 (1)
., CMOT
and Th = DCON(1i) ' (2)
where VOLT = battery voltage
i = guasi-static current
a = CMOT-1
RFIX = fixed resistance
REV = variable resistance

Cw angular wheel velocity
CONMEG, DCON, CMOT = constants

Th = theoretical torque.
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The slip interaction model between the soil and the
wheel adopted here is a polynomial formulation suggested to me
by J. D. Richey of Bellcomm, Inc.

w = v/(RW) (1-S)
n
s = Z aiyl 4 (3)
i=0
where y = T/(RW) (P), the pull number
RW = wheel radius
P = ground normal force for wheel f
T = torque (estimated from previous time §tep)
v = absolute value of forward wheel velocity
S = slip coefficient.

-

The instantaneous power (W) and torque (T) are given
as follows ‘

(i) VOoLT
Th-TFR (4)

it

W
T

where TFR is the frictional torgue associated with the rotating
parts of the motor-wheel system. If a wheel is airborne the
angular velocity at time step k is estimated from the torque at
the previous time step (k-1) as follows

Wy Wy + (Ak)(Tk_l)/IW (5)

where Ak is the time interval and IW is the moment of inertia

of the rotating parts.

The propulsion force for the wheel is obtained as
follows:

F = (T)(C)/RW (6)

where C is ratio of the sprung mass to total mass. F is limited
in absolute value to TFxXP where TF is an equivalent coefficient
of friction for the soil.

TERRAIN DESCRIPTION

The elevation of the terrain is defined by a constant

G¢, an X-slope A¢, a Y-slope B¢, a ramp slope CX9¢, 0052 bumps or
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craters, and a spatial realization of a random topography. Let
us define the following terms:

S (Cxa)

1l for (X - CXa) > 0

0 for (X - CcXA) < 0

X
Ne ana ly - v | < ha

§, = 1 if [X - X | < — . 3 ,

6a= 0 otherwise.

The elevation ZO(X,Y) is given as follows:

G + A¢p(X~X9) + Bop(¥Y-Y¢) + S(CXA) CX¢ (X-CXA)

NG , T(X-X_) , (YY)
+ E: daHa cos S cos —_—
a=1

ZO(X,Y)

X "
a 110
NCF
r (a)
+ Z 2(AMC(a)>l/2 sin 2n(CFR(a))(X - CF1§_(a)>
a=1
r (a)
sinl 27 (CFR(a) )Y - c_FyW . (7)

For input (Appendix B):

HAL (a) = Ha
XAL(l,a) = Xa
XAL(2,a) = Ya

XHAL(l,a) = Xha
XHAL(2,0) = Yha .

The last term in ZO(X,Y) is a spatial realization of a

power spectrum where CFR(a) are center frequencies in cycles/
amplitude, AMC(a) are associated powers in amplitudes squared,
;X(a) and ry(a) are random numbers based on a uniform distribu-

tion between 0 and 1, which was suggested by S. N. Hou of
Bellcomm, Inc.
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A typical a-bump is shown in Figure 1, assuming NCF = 0
and CX¢ = 0.

CONTROL LAW

Let us first define a few terms.

VCR = tolerance limit on vertical velocity.
ACR = tolerance limit on vertical acceleration.
RVRA = resistance/time, variable resistance rate of series
motors .
RVRB = resistance/time, variable resistance rate of series
motors .
U(l) = forward velocity.
UAF = 1.25 lu(1)|.
UAG = .975 |U(1)].
VGD = preferred forward velocity.
Al = angle_in degrees in interia X-Y frame of reference
from X to velocity component in X-Y.
A2 = angle_in degrees in inertia X-Y frame of reference
from X to destination point.
ANUV = A2-Al.
AST = maximum angle outside front wheel for Ackerman

steering law.

We check first to ascertain if the destination point
has been acquired. If yes, we are finished, if no, let us con-
tinue. If either the vertical velocity or vertical acceleration
in absolute value exceeds the tolerance limits VCR or ACR, we
throttleback by increasing the variable resistance of the series
motors by the rate RVRA. If we are throttled back as far as
possible, then braking commences until the condition ceases to
exist. Suppose we are now at some point in time where neither
the vertical velocity or the vertical acceleration has reached
the tolerance limit. If VGD, our preferred forward velocity,
is less than UAF, we throttle back by increasing the variable
resistance by the rate RVRD. If we are throttled back as far as
possible, then braking commences until this condition is recti-
fied. Suppose now we are at some point in time where neither
the vertical velocity or vertical acceleration has reached the
tolerance limits, and further suppose that our preferred velocity
VGD is greater than UAF. If VGD is less than UAG, we decrease
the variable resistance by the rate RVRD. 1In either case, whether
VGD is less or greater than UAF, we set the steering angle of the
outside front wheel equal in absolute value to (.5) ANUV. The
other wheel steering angles are set according to the ackerman
steering law. The steering correction is not made if |U(1)|/VGD
is less than .05 or if |ANUV| is less than 1 degree. In any
event, allowance will be made to lock any wheel at zero steering
angle and to make any series motor inoperative.
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SAMPLE PROBLEM

The sample problem consists of the LRV being propelled
by individual series motors (one per wheel) subjected to the
primitive control system, and traversing a random terrain. The
data used in this problem are estimates only but nevertheless
approximate current properties of the vehicle. Some of the data
was obtained from reference 2. Mr. H Reid of MSFC was kind
enough to estimate the characteristics of the series motors,
while Mr. J. D. Richey of Bellcomm, Inc. estimated slip charac-
teristics of a typical soil which might be encountered. The
statistical characteristics of the nominal topography is shown
in Table 1 and was chosen to represent a rough mare topography.
Nominal slip coefficients vs. pull numbers are given in Table 2.

Three runs were made on the Univac 1108 digital computer
at Bellcomm, Inc. Run no. 1l consisted of the nominal topography
(rough mare). In run no. 2 the power spectrum of the topography
was reduced by 10 db, placing it well into the smooth mare range.
Run no. 3 consisted of a perfectly smooth terrain.

The control system endeavored to maintain an 8 km/hr
speed with tolerance limits set at 10 inches per second verti-

cal velocity and 40 inches per second2 vertical acceleration.
The results of the three runs as related to energy consumption
have been tabulated in Table 3. Since the input data used in
these runs are estimates subject to verification, and the
lengths of the runs were extremely short (less than 30 seconds
elapsed time) the results should not be considered extremely
accurate. Nevertheless, the qualitative nature of the results
indicate a small increase (v3%) in energy consumption when aoina
from a perfectly smooth terrain to the smooth mare and a signif-
icant increase in energy consumption (+30%) when going from the
smooth mare to the rough mare.

Included in Avpvendix C is a nrintout of the input data

and typical output display for run no. 2 plus a descrintion of
the output display.

- KoafPman

2031-SK-JCT S. Kaufman

Attachments
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Center Frequency Power Spectrum Power
Cycles/Meter|Cycles/Inch Mz/Cycles/Meter Meters2 Inches2
.01 .00025 3.0 .03 48
.02 .0005 2.0 .02 32
.03 .00075 1.0 .01 16
.04 .001 .80 .008 12.8
.05 .00125 .60 .006 9.6
.06 .0015 .40 .004 6.4
.07 .00175 .20 .003 4.8
.09 .00225 .10 .0025 4.0
.12 .003 .07 .00215 3.3
.16 .004 .035 .0016 2.6
.21 .00525 .01 .0006 .96
.28 .007 .007 .0006 .96
.38 .0095 .005 .00055 .90
.50 .0125 .004 .0005 .80
.63 .01575 .002 .0003 .48
.80 .020 .0015 .00028 .43
1.00 .025 .001 .0002 .32

TABLE 1

NOMINAL TOPOGRAPHY - ROUGH MARE
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Pull No.* Slip Coefficient

0.0 -.15
.2 .10
.4 .3
.6 .7
.8 .8

1.0 .95

*Pull No. = Torque/(Wheel radius) (Normal ground force)

For Pull Nos. in excess of 0.5 use slip coefficient evaluated
at .5.

TABLE 2

NOMINAL SLIP COEFFICIENTS VERSUS PULL NUMBER
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Run No Elapsed Time Distance Energy Energy
of Run Traversed Dissipated Rate
Seconds Kilometers Watt-Hrs Watt-Hrs
(KM) KM
1. Rough Mare 19 .0407 4.67 114.7
2. Smooth Mare 19 .0420 3.65 86.5
3. Smooth Ter-
rain 25 .0550 4.60 83.7
Table 3

POWER CONSUMPTION - SAMPLE PROBLEM




- N

a Yha ->

a -bump

Hg is minus for an a -crater

FIGURE 1- a-BUMP GEOMETRY
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APPENDIX A

DYNAMICS OF A FOUR-WHEEL VEHICLE

The model adopted contains six rigid body degrees-of-
freedom and is subjected to gravity forces, ground-wheel inter-
action forces and non-linear inertia forces. The linear iner-
tia accelerations in body coordinates are then solved in terms
of forces described above. If a wheel becomes airborne the
system simultaneously gains an inertia force and loses a ground-
wheel force. The origin of the body coordinate system need not
correspond to the center of gravity; any convenient origin will
do.

The orientation of the vehicle with respect to a set
of inertia coordinates_(fixed on the moon) is shown in Fig. Al.
Let I, J, K and 1, Jo k be unit vectors along the inertia (X,Y,
z) and body (x,y,z) coordinate system, respectively. The re1a~
tionship between these vectors can be described in terms of a

3x3 direction cosine matrix [B]. This relationship in terms of
the Euler angles is derived in reference Al and is given below:
T i
J ¢ = [B] J , (Al)
K k
where
cosycos¢-cosBsingesingy -~-sinycos¢-cosfsindécosy sinbsing
[B] = | cosysin¢~-cos6cos¢sing -sinysin¢g+cosdcos¢cosy ~-sindcose¢
sinésiny sinécosy cos#8

If we differentiate Eq. (Al) with respect to time we
obtain the following useful relationship:

[B] = -[B]I[C] , (A2)
where
0 w -w
z %
[C] = —w, 0 w .
w -Ww 0
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The terrain elevation is a defined function ZO(X,Y)
with derivatives dZO/dX = tanyx and dZo/dY = tanyy.

Then

)1/2

secy (l + tanzyX

and (A3)
)1/2

secYy (l + tan2yy

_ _ The unit tangent vectors to the terrain surface in the
I-K and J-K planes are respectively;

= cosy, I + 0J + siny, K ,

|

and (Aa4)
0I + cosy. J + siny._ K .
Yy Yy

|
I

The outward normal vector to the surface is next computed.

_ £ x T .
tl’l = ""_—'-—L_ = {a_} J ’ (A5)
It, x tyl g
where
{a }t -1 -siny_cosy _ - siny_cosy_ cosy_cosy
n T [ Yx X X J ’
and
L. = (cos2 + sin2 cos2 )1/2
n Yx Yx Y

In Fig. A2 is shown double Ackerman steering geometry
for the vehicle. Double Ackerman is merely one possible steer-
ing mode, it is possible to allow the steering angles (af,f=l,2,
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3,4) to be set independent of each other and possess their own
steering rates. For wheel f the following relationship exists.

I ‘i‘f
J (= [AAA]f if ' (A6)
k k
where
cos af -sin af 0
[AAA]f =] sin ag cos ag 0 .
0 0] 1

In terms of the inertia frame of reference, the wheel triad is
given as follows:

I i‘f
J = [AAI]f i-f ’ (A7)
K k
where
[AAI] . = [B] [RAA],

The bump or crater dimensions may be of the same
size as the wheel diameter. This situation creates a problem
in finding a suitable wheel-spring stroke for calculating a
ground-vehicle force normal to the wheel surface. The following
rational approach has been adopted. With the wheels and suspen-
sion fully extended, the circumference of the wheel is searched for
apparent locations imbedded beneath the ground surface. A unit

vector ?l is constructed from the last point (b) to the first

point (a) lying beneath the surface (Fig. A3). A slope s, is
computed, a representative point (g (mid-point) found with
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coordinates {XYZ}g. Next, a unit vector ?2, normal to both K

and the theoretical ground normal Ehg (at {Xng}, Eg. A5) is
found as follows:

. g - . (A8)
RN

The slope along T, is denoted S,. An "average" ground normal

T3 used in subsequent calculations is then computed,
T3 = Ty, X T . (p9)

The following relationship can be constructed from Egs. (A8) and

(A9) :
(7, (1)
iy &3 (A10)
T2 = [G]f i d
?3 K
Now,
i £ (AL1)
?2 = [H]f 1f
T k
where

[H]f = [G]f[B]

Point (e) as shown in Fig. A3 is next obtained and an
apparent wheel penetration along T3 is computed from point h

to point(e)and is denoted Arf.
Next, the body coordinates of point (e) are found

relative to the origin of the vehicle. These coordinates will
be denoted {xyz}e. Let {uvw} denote the velocity of the
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vehicle's origin along the body axes. The velocity of the

wheel f at point (e) in the inertia frame of reference is given
as follows,

Y = [B] v - [C] y . (Al2)

Hh
o

\

The velocity along the {Tl?2T3} triad is next ob-
tained from Egs. (Al0) and (Al2).

We shall now evaluate the wheel-ground force in_the
direction ?3f. Let spring constants along the triad {if jf k}

be denoted as {sif sjf Skf}’ spring lengths as {gif ij Qkf}’
damping constants as {0 0 ckf}’ spring deflections as

{Auif Aujf Aukf},and forces as {Pif ij Pkf}' Forces along
the triad {rl T, 13} will be denoted {P1g Pyg P3gl. The

springs will be considered non-linear, that is,

S,f = Sgagle = i,3.K) if L . > |Auaf| ,

af
Saf = sabf if laf < |Auaf| ,
and
Sabf >> S,af y
The three spring-deflection relationships are:
Pif Sif huge 8:£Sipe Siaf) it
- . = - § . . -S. L.
[I] ij sjf AuJf Jf(sbe Jaf) j£
Pye See | | AYke 8¢ (Skpg~Skaf) *kf

. 0 , (A13)
He 3,3V op |V, L
'3f 3
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where

n = 1 for linear damping
Sg =1 if & o < IAuafI

and

Sag = O if boe > loug gl

Equilibrium of tangential forces requires

Hy, Hyp, Hy, Pis Pis 0
P = = : (Al4)
Hyy Hyy Hyg Pre Poge 0

Deflection compatability requires
buje |
31 H3p Hygl {89ye 0 = 02 - (Al5)

Aukf

Equations (Al3, Al4 and Al5) are combined into one
matrix equation as follows:

[E1](T2} = {T1} (A16)
where r N
“Sie(SiprSiag) tis
“85£ (5507 S5a8) Yyt
{T1} =( -5 (s -s ) 2 - H.(3,3)v c | v ln—l?
‘ﬁ k£ Skbf Skaf) *kf £33V, ke Vet
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fr2! = {Auif Aujf Aupe Pif Pyf Pre! '
and

—~ =

_Sif 0 0 1 0 0

0 -sjf 0 0‘ 1 0

0 —skf 0 0 1

(E1] =] o 0 0 Hyy Hy, i,

0 0 0 Hyp Hy, Hyg
L Hyp Hzp H33 00 °

After solving Eq. Al6, the normal ground force is ob-
tained as follows,

P = H P._ + H F.. + H (Al17)

3f 31 Pif 32 Fyf 33 Pxr

We will now compute ch along Tzf' Let VSE be some
small velocity and MS an equivalent coefiicient of sidewise

friction. Then,

-
_ 12 5
Poe = —755 MiPar for IVT2| < VSE ' (A18)
and
-VT2 » h
P = M P for |VT2l > VSE . (A19)

2f IVTZI s 3f

Forces in the ?lf direction can come akout thru

rolling friction, braking friction,or encine torque Iorces.
These forces for each wheel will be denoted Plf'
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The wheel forces rotated in i, j, k directions are

i 1
t t '
P, b = [BIT[GI{ | P, : (A20)
p p
ke 37/¢

The summation of these forces and moments about the
origin of the body coordinate system are as follows:

P.
i
{Pw} = [Df] Pj (A21)
P
k¢
where
P
1 o |
0 1 0
0 1
[D.] = _
£ 0 zg, Yo
z -X
e e
Lfye Xe 0 p

For all four wheels,

(p} = E:{Pw}f : (a22)
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The mass matrix [M] relative to the body coordinate
system is defined as follows:

-
m 0 0 0 H -H ]
z y
m 0 -Hz 0 HX
(M] = m Hy -H, 0 , (A23)
I -I -I
XX Xy X2
symmetrical I ~-I
Yy yz
L 1,2
v

where m is the sprung mass, and

Hx =jxdm ’ Hy =fydm ’ HZ =fzdm

Ixy =fxydm , Ixz =fxzdm ’ Iyz =jyzdm

_ 2 2 _ 2 2 _./. 2 2
Ixx—f(y + 2z%dm Iyy—ﬁx +2z%)dm , I, = J(x" + y )dm.

The three linear and three angular momentum components
iL} along the body coordinate system is given by the following
relationship.

{L} = [M]{U} (A24)
where,

{U} = {uvw Wy wy wz} .

The forces and moment components along the body co-
ordinate axes are given as follows:

{L} = [M]{0} - (P} (A25)
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where
(P} = [c;lMl{u}
and
[Cl{ O
[c,] = .
1 0 ’[c]

Gravity forces act along the negative K axis thru
the cg. Gravity force and moment components about the body
origin are given below:

{Pg} = [M]{-B31gm ~B3,9, —B33gm 000} |, (A26)
where = is the moon's acceleration of gravity.

The equations of motion of the system can now be
stated as follows (see Egs. (A22, A25, A26)):

(0} -1

[M] ~{P} (A27)

where

{p} {Pg} + {p} + {p }

The velocities along the body axes are updated from
time t=i to t=i+h as follows:

{U}.l+h = {U}.l + h{U}i . (A28)
Let
ej = (wj(i+h) + wj(i))(.S)(h), j = x,v,2 '
1/2 (A29)
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Given the direction cosine matrix [B} at t = i, it
can be updated as follows (reference A2).:

. 2
(Bl,,, = [BI, | 1] - s1ng[¢] P c:;e)[¢] ., (a30)

where [¢] has the same form as [C] (ej replaces wj in Eq. (A2)).

The algorithm for obtaining equation (A30) was obtained

from I. Y. Bar-Itzhack of Bellcomm, Inc,, and is known as the sub-
routine DICOS.

The trajectory is updated as follows:

X X
B g B "/U“g U’\s
¥ RN AT J -
Y8} T\ 7B Blisn(v, +m1,{v; | , (a3
R R M M
B/, B/, i+h R | )
i+h i

where {XB Yo ZB} are the inertia coordinates of the origin of the
vehicle.

The time interval h is tentatively set at DELTIM, an
input variable. The velocity of each wheel (point(e)in Fig. A3)
normal to the ground is continuously monitored. A maximum ve-
locity in absolute value (ER) of the four wheels is obtained
and a characteristic time TET =_(.05)(RW)/ER is obtained (RW is

the wheel radius). The number of intervals (L5) of the maximum
interval (DELTIM) is computed in integer arithmetic as follows:

L5 = DELTIM/jom + 1 . (A32)

The integration algorithm is based on the well known
Runge~-Kutta method and will not be discussed here.
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Z (up)

l ' » C N
N\

Line of nodes

front

Sequence of the Euler rotation ¢, 6§, ¢

FIGURE A1- AXIS ORIENTATION



_— intersection for double Ackerman steering

e/2 > e/2 -
For double Ackerman steering let B be steering angle - front outside wheel.
B<o a = -3, =B a, = -a3 = tan"! (e/2tanf3/ (e/2 + btanB))
B> a; = -a; =8 a; = -a, = tan"! (e/2tanfB/ (e/2 - b tan3))

FIGURE A2 - STEERING GEOMETRY



K (INERTIA 2)

73 (NORMAL TO GROUND)

POINT g LIES ON WHEEL HALFWAY BETWEEN a AND b
POINT e LIES ON SURFACE ALONG 7'3 THRUg
POINT o IS CENTER OF HUB

POINT h LIES ON CIRCUMFERENCE OF WHEEL
PROJECTED FROMo-g

FIGURE A3 - WHEEL GROUND INTERACTION WHEEL FULLY EXTENDED
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APPENDIX B

INPUT TO ROVER

The digital program ROVER is continually updated.

The current

input for the UNIVAC 1108 is in NAMELIST ($NAMI)

format and is given below.

General Input

X =

RW =
PHI =
THETA =

PSI =

NINT =
DELTIM =

IPRT =

NDOT =

R =
GM =

Weight Data

CM =

single array of order 3 of the inertia X,Y,Z
coordinates of the origin of the vehicle,

double array of order 3x4 containing the body
X,y,2 coordinates of the wheel hubs (wheel and
suspension fully extended).

wheel radius,

initial ¢ angle in degrees (Fig. 1l).

initial ¢ angle in degrees (Fig. 1),

initial ¢ angle in degrees (Fig. 1).

single array of order 6 containing initial rates
{fuvwow wz}.

w
X 'y
number of timerintervals (DELTIM) for integration.
time span of one time interval (maximum) .

printing integer (print every IPRT time interval).

number of locations for additional acceleration
output (not to exceed 20).

double array (3)(NDOT) of body x,y,z coordinates.

moon's acceleration of gravity.

constant to divide all weight data (mass conver-
sion constant) CM = 0 implies CM = 1.
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WM = weight of one unsprung wheel mass; in what
follows do not include the unsprung wheel weight.

NMASS = 0 implies zero, first, and second weight moments
will be supplied.

Y(1) = m (total sprung weight rather than sprung mass).

Y(2) = Iy
Y(3) = Iyy.
Y(4) = Izz'
Y(5) = H.

Y(6) = Hy’

Y(7) = Hz'

Y(8) = Ixy'
Y(9) = Ixz'
Y(10) = Iyz'

NMASS = 1 implies detail weight breakdown.
NIT = number of masses, not to exceed 30.
A(J,o) = double array of order (NIT) (7) of weight data.
a = 1, weight.
o = 2,x coordinate.
o« = 3,y coordinate,
o = 4,z coordinate.

a = 5,6local x moment of inertia (about own cg).
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6,local y moment of inertia.

= 7, local z moment of inertia DIMENSION A(30,7).

Elevation Data
NXY = 0, implies CX¢ = 0.
NXY = 1, implies CX¢ may have a non-zero value.
CXa = X, location.
CX¢ = slope parameter:
A¢$ = X-slope.
B¢ = Y-slope.
G¢ = constant amplitude.
X¢ = origin for definition of X-slope.
Y¢ = origin for definition of Y-slope.
NG = number of a-bumps/craters.
XAL(B8,a) = double array of order 2xXNG to locate o-bumps/crater .,
B = 1 is X-coordinate (Xa),
g = 2 is Y-coordinate (Ya).
XHAL(B,a) = double array of order 2xNG for a-bump/crater
diameters,
B =1 is Xhar
B = 2 is Yha'
HAL (o) = amplitudes (Ha).
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NCF = number of center frequencies for random terrain,
not to exceed 25.

CFR = single array of order NCF of center frequencies
(cycles per amplitude).

AMC = single array of order NCF of power associated
with center frequencies (amplitude squared).

Friction Force Data

___ Let Avl, AV2 be absolute value of wheel velocity
along 11 and t2,respectively,

SF = coefficient of sidewise friction. .
SF = 0 implies frictionless surface along t12.

VSE = minimum velocity for full sidewise friction.
If AV2 < VSE then sf (equivalent) = SF x AV2/VSE.

NR@L (£)

single array of order 4.

0 implies no rolling friction for wheel f£.

1l implies rolling friction for wheel f.

If NGUID = 1 or NSTER = 1, NROL (f) is automated
into the applicable algorithm. If NBRAK(f) =1
then NROL(f) is assumed 2zero.

RF = coefficient of rolling friction.
RF = 0 implies no rolling friction.

VROL = minimum velocity for full rolling friction.
If AV1 < VROL, then rf(equivalent) = RF x AV1/VROL.

NBRAK(f) = single array of order 4.
0 implies no braking for wheel f.
1 implies braking for wheel f.
If NGUID = 1 or NSTBR = 1, NBRAK(f) is automated
into the applicable algorithm,

BF = coefficient of braking friction, zero implies
braking is inoperative.

VBRAK = minimum velocity for full braking friction.
If AVl < VBRAK, then bf (equivalent) = BF x AV1/VBRAK.
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CONS (f) single array of order 4. Zero implies
braking is inoperative for wheel f. The
braking force is a minimum of CONS(f) and
BF PNF(3,f) where PNF(3,f) is the normal

ground force (along T13).

NTORQ (£f)

single array of order 4.
0 implies no engine torque for wheel f.
1 implies engine torque for wheel f£.

TF = coefficient of ground friction torque for
wheel f. TF=0 implies no engine torque.

UNIT

+ 1.0, 1.0 implies forward motion, -1.0
implies rearward motion, and 0 implies no
engine torque.

If NSERMO = 1 then NTORQ(f) is tentatively
set equal to 1 and the remaining velocity-
torque data now described has a different
meaning. See NSERMO = 1.

NP = number of pieces of data (not to exceed 6)
from which to construct a torgue-velocity

polynomial of order NP-1.

VEL = single array of velocities of order NP.

TORQ single array of torques of order NP.
VMAX = velocity limit above which torque = 0.

VMIN

velocity limit below which torque equals
its polynomial value at VMIN.

Suspension Characteristics (see Eq. Al3)

N50 = 0 implies maximum input formation.
SL(o,f) = spring lengths for wheel f {Qif zjf Qkf}‘
SIA(a,f) = soft spring constants for wheel £ {siaf sjaf skaf}'
SIB(a,f) = hard spring constants for wheel £ {sibf Sjbf skbf}'
DAMP (f) = damping constant for wheel £ DIMENSION SL(3,4),
SIA(3,4) SIB(3,4), CS(3,4), DAMP(4).
DAMC = power of velocity dependent damping force (zero
implies linear damping, DAMC = 1).
COLUMB = coulomb damping force for each wheel.
VCOUL = minimum vertical velocity to attain full calculated

damping force, otherwise damping force = calculated
force x VT3f1/VCOUL
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N50 = 1 implies minimum input formation.,
S(f) = Lrge
SA(f) = Syaf*
SB(f) = Skbf "
DAMP(f), = DAMC, COLUMB, VCOUL
N50 = 1 also implies the following;
big = ljf = 102kf = 10s(f),
S = SB(f),

iaf = Sjaf T Sibf T ®jbf T Skbf
DIMENSION S(4), SA(4), SB(4), DAMP(4).

Steering (see Fig. A2)

AF(f) = constant steering angle for wheel f in degrees.
N100 = 1 implies time dependent constant rate Ackerman
steering (see Fig. A2). Not applicable if NGUID
= 1 or NSTBR = 1.
NSGAK = 0 implies double Ackerman,
NSGAK = 1 implies single Ackerman.
AG = initial steering angle in degrees for outside
front wheel.
STl = steering rate in degrees/time for outside front
wheel.
TIMA = initial time for onset of STIl.
TIMB = final time for STI.
ST3 = steering rate in degrees/time for outside front
wheel.

TIMC>TIMB = initial time for onset of ST3.
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TIMD = final time for ST3; for N100=1 the steering angle,
(AP), outside front wheel is given as follows:

APl = AG for t < TIMA,
AP2 = AG + ST1(t-TIMA) for TIMA < t < TIMB,

AP3

AG + ST1(TIMA-TIMB) for TIMB < t < TIMC,

AP4 = AP3 + ST3(t-TIMC) for TIMC < t < TIMD,

AP5 = AP3 + ST3(TIMD-TIMC) for t > TIMD.

AST 1is a maximum outside wheel steering in degrees;
APl....AP5 in absolute value will be limited by
AST.

NSIN = 1 implies sinusoidal Ackerman steering. Not
applicable if NGUID = 1, NSTBR = 1, N100 = 1.
NSGAK = 0 implies double Ackerman,
NSGAK = 1 implies single Ackerman.

AP (AMP)SIN(ST1) (t-T¢) for front outside wheel

for 0 < t < TSIN.

AMP = amplitude in degrees (positive real only
let ST1 take on desired sign).

T¢ = time lag.
TSIN= final time,

NTRIM

1 implies elevation will be automated to trim
the vehicle for 1 lunar g. The algorithm goes
as follows. In body coordinates construct a
vector from the vehicle origin to the ground at
the intersection of the wheel centers. Call
this vector {ALm}, and:

ALX = (2(1,1) + 2(1,4))/2.
ALY = (2(2,1) + 2(2,2))/2.
ALZ = -RW + Z(3,1) + DH,

where DH = (mass) (GM)B(3,3)/(4)SIA(3,1).

Of course this vector assumes elastic and geometry
symmetry.
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This new origin in inertia coordinates is computed
as follows.

X¢ X(1) ALX
Y4 = X(2) + [B] ALY
Go X(3) ALZ

We must now compute slopes from a modified [B]
matrix to account for the cg of the vehicle not
coinciding with X¢, Yé. Call this cg shift

and corresponding to X&Y, respectively. This
shift causes small angle changes THET1 and THET2,
computed as follows:

THET1 = (DH) (OFF2)/ (ALY-Z(2,1))2,

THET2 = (~DH) (OFF1)/(AL¥z~%(1,1))2.

The [B] matrix can now be modified and a new
direction cosine matrix [Bl] computed. The de-
sired slopes are now obtained as follows:

A¢
B¢

It

-B1(1,3)/B1(3,3),
-B1(2,3)/B1(3,3) .

Ground vectors in terms of body vectors are given

through the matrix [BB] = [Bl]t[B]. V.3 = 0

implying U(3) = -(BB(3,1) (U(1)) + BB(3,2)(U(2))/BB(3,3).

If NCF > 0 and NTRIM = 1; then AO, BO, and U(3)
are set equal to zero and,

G¢ = G¢ (previously computed) - .25 (Zl + Z2 + Z3 + Z

Zf is the contribution to the elevation under wheel f of the

random terrain at time = 0.
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Series Motor

NSERMO = 1 implies series motor.
MST(f) = array of order 4.
1l implies operative motor for wheel f.
0 implies inoperative motor for wheel f.
See NTORQ(f) for comparisons to the following.
NP = number of pieces of data (not to exceed 6) from which
to construct a Slip-X polynomial, (X = TORQUE/ (RW) (NORMAL
GRD. FORCE), slip numbers).
The polynomial is of order NP-1.
VEL = single array X's of order NP.

TORQ = single array of SLIP values of order NP,
the data is of course a function of the soil.

ITMAY = 3 1
VMAX = X limi

t
at VMAX.

ch Slip equals its polynomial value

REMAX = maximum variable resistance.

RFIX = fixed resistance.
COMMEG = back emf constant.

VOLT = battery voltage.
DCON = torque constant.
CMOT = exponent to raise current to obtain theoretical torque.

TFR = frictional torque. This is in addition to soil rolling torque.

TIN

moment of inertia of rotating motor-wheel system.

If not given TIN = .S(WM)*RWZ. TIN will also be

divided by CM.
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Control System

NGUID = 1 implies control system.

XGD

X - inertia coordinate of destination.

YGD

Y - inertia coordinate of destination.
VCR = velocity tolerance limit.

ACR = acceleration tolerance limit. If either VCR or ACR
is exceeded variable resistance of series motors,
and/or braking of the wheels is affected.

VGD = preferred forward velocity of vehicle.

RVRA = resistance per time; rate of increase of variable
resistance of series motor if VCR or ACR is exceeded.

LP = number of points to construct the rate RVRD (see Control
Law) for the variable resistance.

CUC = single array of order LP of the operating currents.
RVRB = single array of order LP of rates.
ROP = a value of variable resistance.

Rev (variable resistance) = rev+ (RVRD) (time). The
arrays CUC and RVRB are used to construct a poly-
nominal of order LP-1 for rate (RVRD, see Control Law)
vs current. If in the process of decreasing the vari-
able resistance (REV) the average current in the four
motors remains below CUC(1l) the variable resistance
is set equal to ROP. Hence ROP must be chosen small
enough so that the current always lies above CUC (1)
but not so small that the resulting current is much
larger than that required for the breaking torque
(TFR). A good value for CUC(l) is somewhat less than
that required for braking torque. On the other hand,
if in the process of changing the variable resistance
the current exceeds CUC(LP) it will be set equal to
CUC(LP). Therefore CUC(LP) should be set equal to the
maximum possible current (assuming REV and angular
velocity vanish).

AST = maximum angle, in degrees, of outside front wheel for
Ackerman steering law.

NSGAK

0 implies double Ackerman.
1l implies single Ackerman.
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POWIN

NST (£)

overhead power consumption. Does not include motor-
controller circuit; includes for instance, navigation
system, displays, steering power requirements, etc.

array of order 4.

1l implies steering operative for wheel f.

0 implies steering angle set equal to zero at all
times for wheel f.
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Braking and Steering Rate Option

Cannot be used in conjunction with control system
(NGUID = 1).

NSTBR = 1 implies steering and/or braking rate option.
Steering angles are in degrees.
0<t<SAl(f) :angle(f) = AF(f) + SATEl(f)xt
SALl(f) <t<SA1(f) + SSEC(f) :angle(f) = AF (f)
+ SATE1l(f)xSAl(f) + SATE2(f)xt
SA1(f) + SSEC(f)<t:angle(f) = AF(f)
+ SATEl (f)xSAl(f) + SATE2 (f)xSSEC(f)

AF(f) = initial steering angle for wheel f.
SATE1l (f), SATE2(f) = steering rates for wheel f.

SA1(f), SSEC(f) = times for wheel £f.

Breaking forces are limited by friction - see
description of friction force data.

0<t<BAl (f) :force(f) = CONS(f) + BATELl (f)xt
BAl (f) <t<BAl(f) + BSEC(f) :force(f) = CONS(f)
+ BATE1l (f)xBAl(f) + BATE2xt
Bal (f) + BSEC(f)<t:force(f) = CONS(f)
+ BATELl (f)xBAl(f) + BATE2(f)xBSEC(f)

CONS (f) = initial breaking force for wheel f.
BATELl (£f), BATE2(f) = braking rates for wheel f.

BAl(f), BSEC(f) = times for wheel f.
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APPENDIX C

SAMPLE PROBLEM PRINTOUT

”

Included in this appendix is a printout of the input data
and the output after 19 seconds into the traverse for run no. 2
(smooth mare) described in the main section of this report.

The input data is in NAMELIST format (SNAMI), as described
in Appendix B. The maximum integration interval DELTIM was taken
as .1 second. The subintervals (integration interval) printed out
with each time of the traverse is computed according to equation A32.
For_the rough mare case the program objected continually to this
maximum integration interval and accordingly reduced it.

It might be instructive here to describe the output
displayed at each second of the traverse. The body transla-
tional and angular velocities are contained in the {U} vector
(eg. A24). The ratio of sidewise to forward velocity is U(2)/
U(l). The instantaneous heading angle tangent is defined as
B(2,1)/B(l1,1), where [B] is the direction cosine matrix defined
by eq. (Al). The X,Y,2 trajectory is the inertia coordinates of
the body origin (eq. A31l). The total acceleration along the
body reference axes is {U}6 - ([C]{U}3),where ([C]{U}3) is a

correction to the three translational rigid body accelerations
([C] is defined by eq. (A2)). Wheel indicator 0/1 implies on/
off the ground, respectively. Total energy (watt-seconds for
this problem) was computed from the power of the motors (eg. 5)
plus an estimated power overhead of 60 watts. The polar vector
1/2
is (XB2 + YB2) , and the tangent of the polar angle is YB/XB'
where XB and YB are trajectory inertia coordinates (eqg. A3l).
The wheel-ground forces have been rotated into the body axes.
The steering angles are defined in Figure A2.

The acceleration extra points are at the locations of
the NDOT points defined in the input. The nonlinear inertia
forces, the gravity forces, and the wheel forces are the vectors
{PI} (eq. A25), {Pg} (eq. A26) and {PW} (eq. A22), respectively.

The body hub coordinates under deformation are the hub coordi-
nates for the wheels fully extended plus the deformations Arf,

shown in Figure A3. The angle displayed with the above coordi-
nates is measured in the wheel +y direction from top of wheel
(+z body) to point g in Figure A3. If the wheel is off the
ground, point g is taken as the lowest point on the rim of the
wheel (inertia-2Z).
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SAMPLE PROBLEM NO 2

wXoT T T T 8K3190.A85
Ra316¢,WM22560,CM=386¢0,6M351e3,Y21270+0,522428+91297052,113883%97 ¢

TNINT=10000,DELTIMN=,10,1PRT=10,
_SF=e6,NROLa24%] ,RF=2405,VSEaleny

NSJ=O DAMC=2.0, DkWP*qOoISZB.
SL’IOo'3031305.100.30’13.50100030.1305 10..30.1305|

SIA=6000030009 Yy 600'.300,90“'600..3&0.?.“ 60069300194,

513'600034500p450..5000.“5Uo.4500|6000p’bOo.HSDO0600094500.450.. -
Zm46079350959=24063196079=35,95,"24063,=43039=350959=24+631493,3,350954224,63,

PHIZ90,0,PS[=2=a90e0,THETA®=,24,

TNDOT=3, Rao..o..0.;-7.3.1q.s.0..-7.3.-14.5.0..
VQRAﬂalo.NTRIMII.

COV”E =2+14, DCON'32..TFR’IU7 .RFIX'X-?Q.
NCF=17,CFR=¢03025,.0005,.00075, }0010000125300015.000175,00022500003’

06040000525|0007000095100125.001575,0020:0025.
AmCZ44803¢211069102800961064,0489041933,0260009610096,0090408,4048+9043,0032,

TNST=48 1 UNIT=] ¢y TFmab,BFmeb,NSERMOR],
_EM0Tal.l,

MSTa4#l yPOAIN2600, f
NGUID=®] yXGO=400004,YGDx  0e,VCR3} 06 )ACR=2400,CONS®4%100+,VGD=B7 05,

Uz37,.5,
NP=6'VMAX‘05.VEL'00ochoQ.ié)l}’illj0R03-o15.-1.03.07.08.095.
TRYRA=3600, S REMAK=3600 0 yASTE224,VOLTadb0¢,

P‘Z,CUC=1-.22..RVRB=40..2-.R0P=4..
SEVD
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